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PRELIMINARY AMENDMENT 



Simultaneously with the filing of the above-identified application with which this 
Preliminary Amendment is being filed, and prior to the calculation of the fihng fee, Applicant 
hereby amends the application as follows, without prejudice: 
In the Specification and Claims: 

Please amend the specification and claims as follows: 

Please replace the specification and claims with the Substitute Specification and 
claims shown in clean form attached hereto and having the underlined additions and stricken 
deletions as shown in tiie attached marked up version of the specification. 



REMARKS 



Claims 1 to 18 are pending in the appKcation. 

The purpose of this amendment is to place the application headings in appropriate 
U.S, form and to place the claims in appropriate U.S. form and delete the multiple dependent 
claims in this appUcation, and thereby eliminate excessive claim fees. Such amendments are 
formal in nature and no new matter is added by any of the above amendments, A substitute 
specification is enclosed to reflect these amendments. Entry of this amendment and early 
examination of this application are respectfully solicited. 
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TITLE OF THE INVENTION 
M fCR O V A LVE DEVICE S 

Field Of T h e I riv e fvtteNFi 
[QQQl ] Micro valve Devices 

BACKGROUND OF THE INVENTION 
[0002] The invention relates to microvalve devices. In a preferred form, the invention 
concerns electrostatically operated micromachined flow-through microvalve devices. 

EadcgmiwdkTo The tiwention 

[0003] Electrostatically operated micromachined integrated silicon, multilayered flow- 
through microvalves are known. Such microvalve devices are fabricated by micromachining 
processes, known in general in the field of semiconductor chip technology. They have a wide 
variety of applications, in particxilar in computer-controlled systems where low voltages are 
available and high precision is needed. Pneumatic power systems and ink jet printing devices 
are examples of relevant appUcations, and in such apparatus many such microvalves may be 
required. They must be inexpensive, reliable, efficient, small, and fiilly compatible with 
electronic interfaces. They must be capable of repeatable, high precision performance, 
exhibiting sharp flow cutoff and opening characteristics. 

[0004] In general terms, a microvalve device has a fluid inlet and a fluid outlet on opposite 
sides of an integrated silicon wafer construction. An element of the construction forms a valve 
seat, whilst a further element forms a complementary valve closure, this fiirfher element being 
displaceable under action of an electrostatic force to selectively engage and disengage the valve 
seat, so to respectively close and open a flow path. 

[0005] These known electrostatically operated microvalves require an extremely close 

spacing between an electrode arranged to form part of the valve seat and an electrode associated 
with the valve closure element, over an area that is substantially larger than the flow orifice, in 
order to obtain effective valve closures against high fluid pressures whilst avoiding excessive 
operating voltages. An example of an electrostatically operated microfabricated microvalve is 
disclosed in U.S. patent 5,244,537, in which device the closing of the orifice of a normally open 
valve is controlled by way of two electrodes. The microvalve is an integral structure produced 
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on one piece of silicon with the inlet and outlet on opposite sides of the silicon wafer, and the 
flow rate of the microvalve is limited by the circumference of the single orifice of the valve. 

[0006] 

Brief Summary Of Tho Invontion 

5 BRIEF SUMMARY OF THE INVENTION 

[0007] The present invention provides a normally-closed electrostatic microvalve device of 
multilayer form comprising: 

a stationary valve plate layer, having a plurality of fluid flow orifices 

therethrough; 

110 a moveable valve plate layer, comprising a plurality of valve elements to close 

the fluid flow orifices of the stationary valve plate layer, one valve element able to move with a 
degree of independence irom the remaining valve elements; 

the movable valve plate layer arranged for deflection under an applied 
electrostatic force fi:om a normal closed position, in which each of said fluid flow orifices of the 
1 5 stationary valve plate layer is closed by a valve element, to an open position in which one or 
more of the valve elements is displaced firom said stationary valve plate layer. 

[0008] In a preferred form, the movable valve plate layer comprises resilient flexible 
portions interconnecting the valve elements, enabling a degree of independent movement to 
each valve element. The valve elements are preferably supported within the device by resilient 
20 restoring support means, such as thin beam elements between the valve elements and a 

surrounding substrate. The resilient flexible portions interconnecting the valve elements and 
the resiUent restoring support means may be provided by a thin membrane layer forming an 
integral part of the movable valve plate layer. 

[0009] In a preferred form of the invention, the device includes a base plate layer spaced 
25 firom said stationary valve plate layer, having at least one inlet fluid flow orifice therethrough, 
the base plate layer and the stationary valve plate layer defining therebetween an inlet chamber, 
the movable valve plate layer being disposed for movement within said inlet chamber, and 
wherein the base plate layer includes a first conductive electrode element and the movable 
valve plate layer includes a second conductive electrode element such that apphcation of an 
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electrical potential difference between the respective electrode elements creates an electrostatic 
force on the moveable valve plate layer to activate the microvalve. 
[0010] Preferably, appUcation of an electrical potential difference applied between said 
respective electrode elements results in greater electrostatic force on one valve element than on 
5 the remaining one or more valve elements. Each valve element may be associated wilh a 
portion of said second electrode layer, and the separation between said first and said second 
electrode element differs for different ones of said portions when the microvalve is in its normal 
closed configuration. This may be accomphshed by disposing the first electrode layer in a 
stepped configuration across the base plate layer, so to provide the differing separations 
1 0 between said first electrode layer and the different portions of said second electrode layer. 
[0011] Preferably, the device includes an outlet plate layer spaced firom said stationary 
J:: valve plate layer, having at least one outlet fluid flow orifice therethrough, the outlet plate layer 

and the stationary valve plate layer defining therebetween an outlet chamber. 
P [0012] The actuation of the microvalve, then, is effected by the application of an input 

1 5 voltage that results in an electrostatic force between the two electrodes. An important 

advantage of the valve of the present invention is its abihty to manage relatively large flow 
rates using a normal operating voltage of the order of voltage available conventionally in IC 
operation. This is achieved by the structure of the multivalve elements in a normally closed 
microvalve device. In the preferred form, a plurality of valve plates open sequentially to 
20 overcome the decreasing pressure difference across the valve. 



pi! 



Briof Description Of The Drawi n gs 



By way of B o n 4i mitin g example and i n o rder to enhance understanding of th e 

25 invention, an e mbodiment of the inv e ntion wi l l now b © describ e d i n f urther d e tail, with 
refer e nc e t o th e a c Go m pa n ying fi gure s r in w hich: 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS 

[0013] The fore goin g summary, as well as the fojilQwing detailed description of preferred 

embodiments of the invention- will be better understood when read in conjunction with the 
30 appended drawings. For the purpose of illustrating the invention, there is shown in the 

drawings embodiments which are presently preferred. It should be understood, however, that 
the invpntipn ig not Umitpd tQ the precige arrangements ^d instyum^e^talities ghown. 
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[0014] In the drawings: 

[0015] FIGEig. 1 is a cross section view of one preferred embodiment of the invention and 
shows a microvalve in the normally closed unenergized position; 

[0016] FIG. 2 is likewise a cross section view and shows the microvalve of FIG. 1 in its 
energized open position; 

[0017] FIG. 3 is a plan view of an outlet port layer of the preferred embodiment of the 

invention; 

[0018] FIG. 4 is a plan view of a mid-orifice layer, which shows three internal orifices of 
the preferred embodiment of the invention; 

[0019] FIG. 5 is a plan view of a moveable valve-plate layer showing the three valve plates 
of the preferred embodiment of the invention; 

[0020] FIG. 6 is a plan view of the substrate layer, which shows two inlet openings of the 
preferred embodiment of the invention; 

[0021] FIG. 7 illustrates graphically the relationship between the electrostatic force apphed 
to a microvalve and the distance between the two electrodes of that microvalve; and 
[0022] FIG. 8 is a schematic view of the microvalve opening and the gap between the valve 
plate and the valve seat of that microvalve. 



Detai l ed Descript i on Of The Invention 

20 DETAILED DESCRIPTION OF THE INVENTION 

[0023] For homogeneous dielectrics between etectrodes, the electrostatically generaLed 
F 

force ^ increases directly w ith the square of the voltage •Fof-.hQ-miageiieoy s -dialeotffGS 

s qu a r e of-fea-^ettage-^ applied between the electrodes and inversely with the square of the 
25 distance (or gap) sep a r a tin g t he ti¥0 el e otrod e s-as-slipyi a tad in the foliowing e quatioe 

'E%-4?^ separating the two electrodes as stipulated in the following equation Eg. I > 



Eq. 1 
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where ^ is the dielectric constant, is the permittivity of free space ( * ^ ^) 

A 

and ^ is the effective charging area. 

According to Eg, 1, variations in the eflectim.^^ applied voitage. an d 

Ihejistance between the electrodes will affect tiie n^agi^iiude of the.Mectrost^^ between 

5 th. g electro des. Clearly an ^^'^ggf^J^ihe eiecijXjiiMjc,Mea^ ^ jvjl|^rovi4^ ajinear increase m 

^^m a r in c r ease "m-feffie- % and in most applications the valve plate is designed with an 
10 area that is significantly larger than the area of the valve opening, with typical lateral 
dimensions in the range of a few milhmeters. In order for the valve to remain within micro 
dimensions, however, the effective charging area that can be incorporated into the valve is still 
very limited, hence the overall electrostatic actuating force that can be generated between the 
electrodes in the microvalve is also limited. 

15 

[0Q24] Increasing the apphed voltage will also increase the electrostatic force between the 
valve plates, by a square law. However the use of microvalves in integrated circuits limits the 
voltage available to that which is used in the IC application. This voltage does not commonly 
exceed 5V. 

20 [0025] Finally, the distance between the electrodes affects the electrostatic force generated 
in the valve by a square law relationship, FIG. 7 illustrates the relationship between the 
electrostatic force and the distance between the two electrodes and indicates that any further 
decrease in the distance between the electrodes below a certain threshold will cause the 
electrostatic force to increase sharply. However, reducing the distance between the electrodes 

25 also reduces the circumferential area of the available fluid flow orifice between the valve plates, 
which naturally subsequently reduces the flow rate of the valve. 
[0026] To open a normally closed valve meaning that the valve plate is in its closed 
position when unenergized, the electrostatic force •4mist b 8 - gre a ter th a fl4l^"-l^^^ 

30 than the hydrostatic force p resulting from the pressure difference ^ross the valvej)late. 
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F > F 

^ ^ Eq.2 



F A . . 

where ^ is the pressure acting upon the valve plate, ^ is the application area of the valve 

plate, ^1 is the upstream pressure acting on the valve plate (usually equal to the inlet pressure 

5 ^'"^ if the pressure drop across the inlet channel is negUgible) and ^2 is the downstream 
pressure acting on the valve plate. 

[0027] Wlicn the valve plate is at its closed position. js equal to the outict pressure ^"^^^ 

Howcvcn as the valve plate is opened. ■W h8- R "4he- ¥ a{V€-pl at e IB- B % jtS"€laS 6# -pQSl t ieB; Is 

e quai4G-the Qytje t -pressufe ■r-HQwe¥eFras4l^^^ platB-^B-Bpsn^r'^^ is no longer 

10 equal to . In the open position, ^2 can be calculated based on the following equation: 
Pi =A -4Pi-2 Eq.4 
^1-2 is the pressure loss across the valve plate. It can be determined from: 



V 2 ; 



Eq. 5 

where ^ is the drag coefficient across the valve plate, which is dependent on the flow 
15 rate and the gap size between the valve plate and the valve seat; ^ is the density of the fluid; 

and is the velocity of the upstream flow. 

With consideiitimJkLt^^ the oii tlct cImimL "^^^^""^^ ^ ^2 isjreatcr 

than the outlet pressure W il|:h^efid4efatiQn for the pressyre Joss atong the eutlet oharmel 

, i s greater th a n th e o u tle t p p ^mm-^^ , when the valve plate is at its open position. At this 
20 position, the outlet pressure can be calculated according to: 

P2 = Pout + 4Pi-2 + ^P channel gq. g 

[0028] The preceding eqiiations indicate that an exccptioBally large electrostatic force is 

re4uirMlQ.Pjmj....mmai^^^^ ^ ^tingm..lhe...y.p.g.tr^,^m 

side of the valve plate is at its maximum value when the valve is in the closed positioiL 
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Dpqning the valve result^ iamj.n,g.aii|;ai]i.g;o.us dccieaL.sc.in p .as tbg b^ick.wwcl pregsum-T te 
pr e o e dii^g-e-qy a tton s ^^dic a le-fea^al ^ xc8pt^Q^ally-la^ force i s requir e d 

sid© of the -¥a!v9 ol^ 
5 Ofieiwi§4te-4^al^^ 

a€tm§--ofhll^e^v-e"|^ate-4R€ma acting on the valve plate increases. As ^2 

continues to rise, the pressure differential across the valve plate further decreases resulting in a 
subsequent decrease in the electrostatic force required to continue to open the partially open 
valve. The electrostatic force required to further open an already partially open valve is 
10 significantly less than the electrostatic force required to open the valve when it is initially 
closed. 

[0029] Ualik^ thg ^itu^jioji in conventional v^lv^s of micro^imensions, the, dimensional 

factor that governs the flow rate through a microvalve is not the size of the valve openi ng i t se l f , 
but the distance between the valve plate and the valve scat , even v^hen the valve is in the fully 
15 opened pgptioii. A typ ical Biicrov-alv c may ex hibit a squa re opcni| ig..wi|lLdiniciisi0!is 

02mm X 02mm g^pdji 4ktmoQo( between the valve, pl^tc..,in4 the valve scat, rgstilting in 
a valve opet?iiig^g^^„,of. 0-2mm x 0.2mm = 0.04mm l^hg peiipher;^! ^re^ between the valve 
plate and the valve seat, availab le for fluid flow, is thus U niike the Situation in oeiwefilieBal 



20 -iw&m¥al¥a-~fe4^0t4}m"€42^^ 



typ|£ai-ffl€r9valv8-may exhib i t"^ and- a-dfe-ta-asa-ef 

be tw ee n the v a lv e pl a t© and the v a iv @ se a t, re s ulting in a va iv e opening a r ea -a^ The 
periph€rai-affia-belweeB4^ and t h 6-¥al¥e seal, a v aiiabl e for flui d flo w , i s 

25 thy^4x 0.2mmx.005mm = 0.004m/w' ^ ^hich is ten times smaller that the area of the valve 
opening. Therefore, since the flow rate through the valve is not determined by the area of the 
valve opening but by the peripheral area of the valve orifice between the valve plate and the 
valve seat, the flow rate that can be achieved in a typical microvalve, with a valve plate to valve 
seat distance of, IS significaRtly lim i t e dr fl^a^afea-of-the-valve opening does, howeveiT 

30 mflye-BGe--the--hydr a uli€ forc e a cting --oivfee^/alveHptete-^^ 

diWefBRGe aGrGss-the-vaiver |.R..ordaf 4 e"j-n€ffias84h8"flow-Fat ^ 
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ete^statb force that is to be geBeraled-betwaeB'-'the efectredeer^^ Jj^^ 

Imiitcd T1iCjrc£oftl^^ li^toulic fo,rcc„aqring..pn 

the valve p lale at^Jien^ihg pressure difference^ ^^^-2 ^crosslhe yalve. MorcleiiMj ocrease 
5 the flow rate throu^i the valve, a tradeoff must be made between distance fi^ooi the valve plaje 
t£> the valve scat and the electrostatic force thajLis to be geocr^tc4 bgt\^^ccn the elpctrodgs^ 
[0030] The present invention addresses this situation by arranging a series of valve 
openings inside a single microvalve unit, where the distance separating the valve plate from the 
valve seat may differ for each said valve opening. When a voltage is applied to the electrodes, 
10 the valve plate with the smallest distance to the valve seat will displace first since, in 

accordance with Eq. 1, it will experience the greatest electrostatic force. As this first orifice is 
opened, fluid enters the chamber, which results in a backpressure -^Gting -9 0 th e d o wns tr e affl 
s ^ e of th e v a l v e piate. eoBseqy e ntiy a low e r oloctrostatio force is necessary to op e n 
th e se co n d v al v e piato (whic h m a y th e r e for e h a ¥s-a4aiF§Qr gap) and e a ch subseqyeBt 
15 v ai-v € -plate---W4th-iB€rea6jfig^^ 

^^-4=etel}vely ^mall acty M ten--¥QltageL-P2 acting on the dovviistream side of tlie vaive plate. 
I Consequently a lower electrostatic force is necessary to open the second valve plate (which 

may therefore have a larger gap) and each subsequent valve plate with increas.i|ig..distmceAm 
20 the valve scat w-ill thus be opened in simi lar giccessioii. This cascMllidlcctMfe 

islativclvjarge total peripheral How area foOJSlgtiv^ 

[0031] In FIG. 1 microvalve 1 is in its normally closed, unenergized position. Microvalve 
1 is a multilayered structure comprising of a siUcon substrate layer 18, a movable valve plate 
layer 25 including three valve plates 7, a mid-orifice layer 5 and an outlet-port layer 2. The 
25 valve is therefore made up of four overla5dng layers. In the valve's closed position, the 

hydrostatic force or pressure differential across valve plates 7 maintains movable valve plate 
layer 25 in its closed position. Sealing peripheral lips 26 of valve plates 7 firmly contact the 
edges of orifices 6 at mid-orifice layer 5 such that the fluid is unable to pass through orifices 6. 

In this state, the pressure differential across valve plates 7, is equ a l to. ^P^-^ is equal 

30 tQ^^'«~^« 



'ok? 
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[0032] In FIG. 2, microvalve 1 is in its open energized position. On activation of the 
power source the electrostatic charge in electrodes 9 and 17 results in mutual attraction between 
the electrodes causing movable plate 25 to displace downward toward substrate layer 18. 
[0033] FIG. 3 illustrates in plan view microvalve 1, showing the outlet-port layer 2. This 
5 is a silicon layer with a rectangular shaped main outlet port 3. Between this layer 2 and mid- 
orifice layer 5 is defined an outlet chamber 4. The pressure ..j.n.... 9 ytlet'€jiafnb8r"4 'm^ eqyal-te 

.HQwe¥8F7-wlieR4he-vaiv8-^late^ f B -laf§ef-feai^ ae-a-ffi-sytt-^ 

the pressure drop atong the downstream mjcrochannel (see Eg. 6).P^ m outlet chamber 

10 4 is equal to the outlet pressure when valve plates 7 arc in their iionnally closed PJ^gjtioa 

£ S^^'^Xg^zMlii:^ valve plates^are jnthe open pMion^ jsjargg yhan as a result of the 

P^g^Sturejiro^,.a]oi^^ Eg. 
CI [0034] In one preferred embodiment of the invention, mid-orifice layer 5 (FIG. 4) contains 
I three rectangular spaced orifices 6 through the layer, not necessarily of equal dimensions. As 
u 1 5 previously mentioned, an important factor in the determination of the flow rate through the 
valve is the peripheral area of the orifices, being calculated as the product of the perimeter of 
the orifice 6 and the distance between orifice layer 5 and valve sealuig edges 26, In FIG, 3 and 
FIG. 4 the orifices 6 have been shown as being rectangular, and although a rectangular orifice 
achieves a larger perimeter area than a circular orifice with the same distance between the 
20 orifice layer 5 and the valve seal edges 26, the shape of the orifice is not intended to be limited 
to any particular shape. The area of the orifice opening also affects the electrostatic force that 
is generated between the electrodes, as indicated in Eq. 1, since the remaining area of mid- 
orifice layer 5 is directly proportional to the available electrostatic charging area, Th s r e foi^ 

Il^..,smat! 8 r4ha"0fifi€es-§i lh e "l a ^^^ are a j and ■Ihe l a rger the 

25 eteGtrostatio-fofce-thatoa-n be §e-Rerated"'W{thm4to'Vaive,"Wif^ ^ 

smalleFOi#€a4imit^^ ^ . r-Therefore. the smaller the orifices 



6> the larger the avaifable charging area, and the larger the elsc !ios !.alic force tliaLcaiLb.§ 
gqper&ted. within,thc valve, with the tradc-ofllthat a smaller Qrif]cq....|iiii.}Mhe orifice t|iro,pgh: 
flow area> 

30 [00351 FIQ, g a plan yiqw Qf the mpvable valve plate layer 25, Thj^ inQvpb)c valve plate 

layer 25 includes a conductive metal layer 9 defining the charging area RGt-S-Is a piarnriew 
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of tho movable vaivo plato lay e r 25. This movabl e vai¥6-fi{ate4 ayor 2 5 i n clu des a 
conductive motal layer 9 dofining the charging area and three separately distributed 
silicon valve plates 7 with sealing Ups 26 around their edges. In one preferred embodiment of 
the invention, the metal layer 9 itself has a plurality of openings 8, 11, 22 and 24, the total area 
of these openings being much larger than the total opening area of the orifices 6 on orifice layer 
5. This improves the ability of the fluid to flow across the valve plate layer 25 once this layer 
is moved into the opening position illustrated in FIG. 2. Movable plate layer 25 is connected 
to the surrounding substrate by eight thin elastic beams or strips 23 as shown, the width-to- 
length ratio of strips 23 being small, such that the elastic force that is generated when movable 
valve plate 25 is moved by the electrostatic force is small compared with the electrostatic force 
generated between the electrodes when the microvalve is energized. Mid-orifice layer 5 and 
substrate layer 18 define an inlet chamber 13 therebetween. 

[0036] In one preferred embodiment of the invention illustrated in FIG. 6, in the substrate 
layer 18 are provided two rectangular inlet ports 20, although it is not intended that the number 
of inlet ports be in any way limited. Further, there is a conductive layer 17, which is 
preferably coated with a dielectric material to avoid an electrical short circuit with electrode 9 
the fluid flowing through microvalve 1, in or on the top surface of the substrate layer 18. By 
design, the substrate layer 18 is not planar on its surface opposing valve plate layer 25 (its 
upper surface in FIG. 2), but designed such that the distance -fe8tweefrvalve"plate-layef4§ 
and val v e plate la y er 25 ic different f or difforent vaivo plate s 7 t In tho preferred 
embodiment of the i nven t ion illustrated i n FI G . 2, substrate l ayer 18 i c arrang ed s uc h 
th a t loft vaivo plato has a di^-t-anrn mid H i o \/ n lv n p \(it & h a s a di s t a n o o . an d r ig h t va l ve 
p ia t o h as a distanco from t ho substrate layor, s uch t hat . W ith such a n arrangoment. 
according to Eg. i , me-els^?^f^^ '^'^^ fn r mr . anting on tho difforent vaivo p l at o c vtfill also 
bo diffor e nt, wi th th e valve -filale^wttah#^&fBatleei44sta^ tho substrate la ye r 

iliustratod in FIG. 2. . O n applic a t i o n of a certain thro s hold vo i tag Br^teetPodes-Q-aftd 
17 w ill be oi o Gt ro sta tic a ii y charged, an d since i s th o lar ges t oloctrostatic ferco. a ct i ng 
on the left vaivo pl a te, th i s valve plate will bo the fi r st to bo activ a ted , go resul t in g in th e 
flow of flui d from inlet c hambe r 1 3 through th e le ft ha n d vaiv o and into outlet chamber 

4, :|:|^is^i^sy||-tfH»R-wefBa^ in tho p ro s s uro in outlet chamb e r d from to (Eq. 5): 
As a result, tho otestrostattc force required to ove r como t he p r o sour o di ff e r e n c o a c ros e 
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tjqi0^cic|j8 vaive-plats-wilt be significairtl^es-s than the foFoe^hat was reqyired' to opan 

the first valve plate when aii of the valves wsre in the initially^^losad positiofe 
between vaive plate l ayer 1 8 ^dvaive^pla ^ 25 i s different for differenivalvejilaiM^ 

Jo the preferred cmbodimcot of the invention illustrated in FIG. 2. substrate layer 1 8 js ^Miangcd 

5 m^h ilMi Ipfl valve plal^ has 4 disimQ^ ^ K middle valvg plate has a distanqe ^2 ^jjpjljdghi 

val\e piaie h as a distance from the substrate layer, sueh IhaL^^^^^^^^ With such an 

arraiigcment according to Eg. 1 , the electrostatic forces ^ acting oirthe different y.a.lv(^.,.plites 
will also be different^ with the valve plate with the smallest distance from the substratc javer 
M experiencing the grcatcg ^|ggM|t§i^^ jlamJll^^ illustratcdjii 

O 10 FIG. 2. ^e'^^e'^^e\ Qn application of a certain ihreshold volt^^^, glggUQ<J<?$ 9 'm4 i^ wjlLbfi 

ekctrostafaallv^Ii^^ since .. is the largest electros MkJam^ acting on. ih£^tefi.yMv^ 

fl gMe^JhkjLalve^^ be ihe ^^UcLbejgliv^ 

2 chamber 13 through tlie ieft hand valve and into oiitiei cham ber4 This will re syjt in. ag 

Q 

U increase in the pressure in outlet chamber 4 from ^'^^^^JM;^^ a rcsnlt. the 

15 electrostatic force tx^qMilMJooig^Mg^ 

£3 will be signifjcantty lMaJlMJhg,,fo^A^^ to o pen the first valve plate when all 

HI i 

of the valves were in the ijiLtially cJmMjmiIm^ 

Because the electrostatic force required to open .each s.ubsequenLva lmiymJl^^ 
the preceding valve, the disUmce separating the valve plate 25 from the sub^nHe l^yeilLcan 
20 be successively greate r, in accordance with Eq^ but within ihQ limits of ibe size of the 
microvalve. This increase in distance will in turn increase the peripheral area of the Qiificfijiad 

hence the rate of fluid flow through each subsequent valve ori fice. M mmli af.....th.e 

successively decreasiii g pressure differential across the valve plat gjCMsM. byA 

F 

ilie outlet chamber 4. the electrostatic force, required to move the iM.. Yi^ly.e pi^te.in (the 

25 right hand valve plate in FIG. 2^^ is significantly less than the electrostatic Jjrcg^gaGay€e4lffi 
electrostatic force reqiwed to open ea c h sii bse ^en t valve is le s s than for the 
fifeee d ing valve, the d i sta nc e se p a r at i n g t h e v a lv e pl at e 25 from the -eybstiBte4ayef4§ 

€aii"^e^y€€esslvely--gfeat^ limits of the- s ize 

af - the mi€rovalve-;' 
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fssy l t of the gy€€$e s Bi¥ely deGfeaslB§'-f^fflB@yfe"-4i#efentM a sross fee ¥al¥#-plate 

■eay-ssd by fluid flowiRf^elo-the- outi e t ohambeM.-tlie-eieGtrostatic fofOBj required to 

mo ve the last valve plate m (the right - hand v a l ve p l a t e i n F4 G. " 2)-i s sig n ific a ntl y l ess 



plate when the entire valve was in the initially closed position. A force is also transferred from 
the first valve plate, through membrane layer 25 to the second and subsequent valve plates. 
The mechanical linkage formed by membrane layer 25 contributes to the opening of valve, 
however the effect of this mechanical force is very small compared to the hydrostatic force 



^ 10 which overcomes the majority of the pressure difference across the valve when the valve is in 



its initially closed position. The valve plates 7 are thus opened sequentially, according to their 
distance from substrate layer 18, resulting in an overall flow rate that is considerably greater 
than designs with a single fixed distance valve plate can achieve, due to the fact that the latter 
can provide only a relatively small single peripheral area of the valve orifice. 



15 [0037] As FIG. 1 and FIG. 2 show, the orifices in each of the three stationary plate layers of 
the device of the invention are, generally speaking, offset from one another, to ensure fluid flow 
through as large a part of the device as practicable and to allow equahsation of pressures when 



the valve is open. 

[0038] Suitable fabrication methods for the microvalve device of the invention include 
20 micromachining techniques, generally known to the skilled reader and not described in fiirther 
detail here. A number of microvalves may be fabricated in a single wafer substrate. 
The invention described herein is susceptible to variations, modifications and/or additions other 
than those specifically described and it is to be understood that the invention includes all such 
variations, modifications and/or additions which fall within the spirit and scope of the above 
25 invention, 

[0039] It will be appreciated by those skilled in the art that changes could be made to the 
embodiments described above without departing from the broad inventive concept thereof. It is 
understood, therefore, that this invention is not limited to the particular embodiments disclosed, 
but it is intended to cover modifications within the spirit and scope of the present invention as 
30 defined by the appended claims. 
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which was required to move the first section of the valve 
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We claim: 



CLAIMS 



1 . A normally-closed electrostatic microvalve device of multilayer form 
comprising: 

5 a stationary valve plate layer, having a plurality of fluid flow orifices 

therethrough; 

a moveable valve plate layer, comprising a plurality of valve elements to close 
the fluid flow orifices of the stationary valve plate layer, one valve element able to move with a 
f- degree of independence fi*om the remaining valve elements; 

J; 1 0 the movable valve plate layer arranged for deflection under an applied 

electrostatic force from a normal closed position, in which each of said fluid flow orifices of the 
ff'? stationary valve plate layer is closed by a valve element, to an open position in which one or 

more of the valve elements is displaced from said stationary valve plate layer. 

2. AThe microvalve device according to claim 1, wherein the movable valve plate 
layer comprises resilient flexible portions interconnecting the valve elements, enabling a degree 
of independent movement to each valve element. 

3. AThe microvalve device according to claim 2, the valve elements supported 
within the device by resilient restoring support means. 

4. AThe microvalve device according to claim 3, the resilient flexible portions 
interconnecting the valve elements and the resilient restoring support means being provided by 
a thin membrane layer forming an integral part of the movable valve plate layer. 

5. AThe microvalve device according to any pr e ceding claimTJ^ including a base 
plate layer spaced from said stationary valve plate layer, having at least one inlet fluid flow 
orifice therethrough, the base plate layer and the stationary valve plate layer defining 
therebetween an inlet chamber, the movable valve plate layer being disposed for movement 
within said inlet chamber, and wherein the base plate layer includes a first conductive electrode 
element and the movable valve plate layer includes a second conductive electrode element such 
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that application of an electrical potential difference between the respective electrode elements 
creates an electrostatic force on the moveable valve plate layer to activate the microvalve. 

6. AThe microvalve device according to claim §5^ wherein appUcation of an 

electrical potential difference applied between said respective electrode elements results in 
5 greater electrostatic force on one valve element than on the remaining one or more valve 
elements. 

7. AThe microvalve device according to claim 6, wherein the respective electrode 
elements are provided by a first and a second layer associated with, respectively, the base plate 
layer and the movable valve plate layer. 

p 10 8. Allfi microvalve device accordiiig to claim 7, wherein each valve elem^ 

associated with a portion of said second electrode layer and the separation between said first 
l^i and said second electrode element differs for different ones of said portions when the 

0=1 microvalve is in its normal closed configuration. 

s 9. AThe microvalve device according to claim %^ wherein said first electrode layer 

15 is disposed in a stepped configuration across the base plate layer, so to provide the differing 
separations between said first electrode layer and the different portions of said second electrode 
layer. 

10. AThe microvalve device according to any one of claims 5 to d cMmX 
wherein each of said first and second electrode elements is encapsulated in its respective layer. 

20 11. AThe microvalve device according to any o n e cl aim s 5 to I QolmL^. 

including an outlet plate layer spaced from said stationary valve plate layer, having at least one 
outlet fluid flow orifice therethrough, the outlet plate layer and the stationary valve plate layer 
defining therebetween an outlet chamber, 

12. AThe microvalve device according to any pr e ceding claimTJU wherein each 
25 valve element is provided with a projecting peripheral lip positioned to seal around the 

periphery of a corresponding orifice of the stationary valve plate layer when the microvalve is 
in its normal closed configuration. 

13. AThe microvalve device according to a ny preceding claunj^ wherein said 
orifices of the stationary valve plate are substantially rectangular. 
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14. A The microvalve device according to any procoding claimX said stationary 
valve plate layer having three spaced orifices therethrough. 

15. AThe microvalve device according to any pr o coding claim wherein the 
microvalve is fabricated using micromachining techniques. 

16. AThe microvalve device according to claim +§15, fabricated from a silicon 

wafer. 

17. AThe microvalve device according to claim 15 or cla i m 161 5, wherein all the 
components of the device are integrally formed. 

18. AThe fluid flow control apparatus mcluding at least one microvalve device 
according to a ny pre c e ding claimTj^ 
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ABSTRACT OF THK DISCLOSURE 
Thio invontion rolat o s to anA a electrostatically operated, normally closed 
micromachined flow-through microvalve devic e.Tho dovice comprises a stationary valve plate 
layer and a movable valve plate layer, the latter including an electrode plate such that it is 
deflectable by electrostatic forces under an applied voltage, and having a plurality of movable 
valve elements, each valve element moving with a degree of independence from the remaining 
valve elements. Application of a voltage results in deflection of the movable valve elements, 
the order of deflection depending on the relative magnitude of the electrostatic force 
experienced by the respective associated portion of the movable valve plate layer. This can be 
prescribed by the geometry of the device, and a preferred example provides a different 
separation between different portions of the movable valve plate layer and a further electrode 
plate in a device base plate layer. 

Tho invont i on minimiooc tho voltago roquirod to opon a normally closQd valvo i n 
a high prossurc fluid onvironm o nt, whilot onsuring ro la tiv o ly high flow ratos through the 
miorovalvo onco oponed. 
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